While an age-associated diminution in myocardial contractile response to beta-adrenergic receptor (beta-AR) stimulation has been widely demonstrated to occur in the context of increased levels of plasma catecholamines, some critical mechanisms that govern beta-AR signaling must still be examined in aged hearts. Specifically, the contribution of beta-AR subtypes (beta1 versus beta2) to the overall reduction in contractile response with aging is unknown. Additionally, whether G protein-coupled receptor kinases (GRKs), which mediate receptor desensitization, or adenylyl cyclase inhibitory G proteins (Gi) are increased with aging has not been examined. Both these inhibitory mechanisms are upregulated in chronic heart failure, a condition also associated with diminished beta-AR responsiveness and increased circulatory catecholamines. In this study, the contractile responses to both beta1-AR and beta2-AR stimulation were examined in rat ventricular myocytes of a broad age range (2, 8, and 24 mo). A marked age-associated depression in contractile response to both beta-AR subtype stimulation was observed. This was associated with a nonselective reduction in the density of both beta-AR subtypes and a reduction in membrane adenylyl cyclase response to both beta-AR subtype agonists, NaF or forskolin. However, the ageassociated diminutions in contractile responses to either beta1-AR or beta2-AR stimulation were not rescued by inhibiting Gi with pertussis toxin treatment. Further, the abundance or activity of beta-adrenergic receptor kinase, GRK5, or Gi did not significantly […] Abstract While an age-associated diminution in myocardial contractile response to ␤ -adrenergic receptor ( ␤ -AR) stimulation has been widely demonstrated to occur in the context of increased levels of plasma catecholamines, some critical mechanisms that govern ␤ -AR signaling must still be examined in aged hearts. Specifically, the contribution of ␤ -AR subtypes ( ␤ 1 versus ␤ 2 ) to the overall reduction in contractile response with aging is unknown. Additionally, whether G protein-coupled receptor kinases (GRKs), which mediate receptor desensitization, or adenylyl cyclase inhibitory G proteins (G i ) are increased with aging has not been examined. Both these inhibitory mechanisms are upregulated in chronic heart failure, a condition also associated with diminished ␤ -AR responsiveness and increased circulatory catecholamines.
Introduction
␤ -adrenergic receptor ( ␤ -AR) 1 -mediated modulation of myocardial performance is a major component of cardiovascular reserve function. A large body of evidence has demonstrated that the cardiac response to ␤ -AR stimulation decreases with aging (1) (2) (3) (4) . Previous studies in single rat ventricular myocytes have shown that the positive inotropic effects produced by CTP-cAMP (a membrane permeable cAMP analog), elevation of extracellular [Ca 2 ϩ ], or ␤ AY-K 8644 (an activator of the sarcolemmal L-type calcium channel) are not altered by aging (3, 4) . Thus, the age-associated reduction in response to ␤ -AR stimulation is related to a specific deficit in ␤ -AR signal transduction, whereas the intrinsic properties of excitationcontraction coupling machinery remain intact with aging. Over the last two decades many studies have focused on age-associated changes in the receptor-G s -adenylyl cyclase-cAMPdependent protein kinase (PKA) signaling cascade and usually do not discriminate ␤ -AR subtypes (for review see reference 1). However, some cellular mechanisms that do not directly involve the ␤ -AR signaling cascade, but are critical in regulating its signaling efficacy, have not yet been examined in aged hearts. For example, it is unknown whether aging causes increases in the abundance or activity of negative regulators of ␤ -AR signaling including G protein-coupled receptor kinases (GRKs) and inhibitory G proteins (G i ).
In the mammalian heart, both the ␤ 1 -and ␤ 2 -AR subtypes are coupled to myocardial contractility (5) (6) (7) (8) (9) (10) . Recent studies from this laboratory have shown that ␤ -AR subtype stimulation elicits distinct cellular responses in rat and canine ventricular myocytes (5, (11) (12) (13) (14) . While the contractile effect of ␤ 1 -AR stimulation in rat cardiac cells is clearly mediated by the classic stimulatory G protein (G s )-coupled cAMP-dependent signaling pathway (11, 14) , ␤ 2 -AR-stimulated increases in intracellular Ca 2 ϩ transients and contractility appear to be dissociated from the ␤ 2 -AR-induced increase in cAMP (rat heart cells [11] ), or occur without a detectable increase in cAMP content (canine myocytes [13] ), and occur in the absence of an increase in cAMP-dependent phospholamban phosphorylation in both species (11, 13) . Thus, ␤ -AR subtype signaling cascades in rat heart cells differ from each other in multiple aspects and could be differentially affected by aging.
As is true for most G protein-coupled receptors, prolonged exposure of ␤ -ARs to an agonist leads to a rapid decrease in responsiveness, referred to as desensitization. Agonist-dependent desensitization can be initiated by phosphorylation of activated receptors by members of the GRK family (15, 16) . The ␤ -adrenergic receptor kinase ( ␤ ARK1) is a prototypic GRK that has been shown to phosphorylate activated ␤ -ARs (both ␤ 1 and ␤ 2 subtypes) in vitro (16, 17) . Phosphorylated receptors become binding substrates for a class of inhibitor proteins, ␤ -arrestins, which sterically inhibit further G protein coupling (18) . ␤ ARK1 has also been shown to regulate ␤ -ARs in vivo as increased expression (three-to fivefold) of ␤ ARK1 in the hearts of transgenic mice leads to diminished ␤ -AR agonist stimulated cardiac contractility in vivo (19) and in isolated ventricular myocytes (20) . In addition, cardiac-specific expression of a ␤ ARK1 inhibitor is accompanied by an enhanced basal contractility in vivo , suggesting that myocardial ␤ -ARs are targets for tonic GRK regulation (19) . Recently, we have demonstrated that overexpression of a second myocardial GRK, GRK5, in transgenic mice also leads to significant cardiac ␤ -AR uncoupling (21) . Thus, multiple mechanisms of ␤ -AR uncoupling can exist in the myocardium and multiple GRKs may be responsible for promoting desensitization. Since the plasma levels of both norepinephrine (NE) and epinephrine, physiological ligands for both ␤ 1 -and ␤ 2 -ARs, are increased with aging (22, 23) , it may be hypothesized that agonist-dependent ␤ -AR desensitization may play a role in the age-associated diminution in cardiac ␤ -AR responsiveness. While prior studies have addressed potential biochemical mechanisms for a reduction in myocardial ␤ -AR signaling with aging (24) (25) (26) , none has studied the specific roles of GRKs in aging. Interestingly, in chronic human heart failure, another condition characterized by diminished ␤ -AR responsiveness and increased levels of catecholamines, the levels and enzymatic activity of ␤ ARK1 have been shown to be elevated, which may be contributing to the ␤ -AR uncoupling seen in this pathophysiological condition (27) . Thus, ␤ ARK1 and possibly other GRKs are important targets of study in the aged heart. G i proteins are pertussis toxin (PTX)-sensitive G proteins that are also negative regulators of ␤ -AR signaling as they inhibit adenylyl cyclase and oppose ␤ -AR-G s coupling (28) . In this regard, our recent studies have shown that in rat ventricular myocytes ␤ 2 -ARs, but not ␤ 1 -ARs, are simultaneously coupled to PTX-sensitive G proteins as well as to G s . This novel pathway confers negative feedback on the positive inotropic effect of ␤ 2 -AR stimulation (12, 14) . Thus, any increase in PTX-sensitive G proteins could contribute to age-associated changes in contractile responses to both ␤ -AR subtype stimulation in the rat heart, but via different mechanisms, as ␤ 1 -ARs do not appear to directly couple to G i in the heart (12) .
The purpose of this study was to determine whether the contractile response to specific ␤ -AR subtype stimulation in single rat ventricular myocytes decreases with aging, and to examine specific cellular mechanisms that are critical in regulating the ␤ -AR signaling efficacy in hearts of a broad age range. Specifically, we measured ( a ) ␤ -AR subtype densities in both isolated myocytes and heart tissues as well as the cellular contractile response to ␤ -AR subtype stimulation, and ( b ) the abundance and activity of G i proteins and GRKs. To provide a more comprehensive picture of ␤ -AR signaling, in this study, we also determined age-associated changes in adenylyl cyclase activity.
Methods
Measurements of myocyte contraction characteristics. Single ventricular cardiac myocytes were isolated from 2, 8, and 24-mo-old Wistar rat hearts by a standard enzymatic technique (4) . Cells were then placed on the stage of a modified inverted microscope (model IM-35; Carl Zeiss, Inc., Thornwood, NY) and perfused with Hepes buffer solution consisting of (in mM): CaCl 2 , 1.0; NaCl, 137; KCl, 5.0; dextrose, 15; MgSO 4 , 1.3; NaH 2 PO 4 , 1.2; Hepes (5-N-2-hydroxyethylpiperazine-NЈ-2-ethanesulphonic acid), 20; pH 7.4, at 23ЊC. Cell length was monitored from the brightfield (650-750 nm) image of the cell by an optical edge tracking method using a photodiode array (Reticon Model 1024 SAQ) with a 3 ms time resolution (4) . Cell contraction amplitude was indexed by the shortening of cell length (percentage of rest cell length) after electric field stimulation. Maximal contraction shortening velocity (micrometers per second) was also measured, as previously described (4) .
Dose-response curves for the ␤-AR subtype agonists (NE and zinterol) were implemented in control or PTX-treated cells (see below) from hearts of different age groups. A given individual myocyte was exposed to only one drug concentration. All measurements were obtained under steady state conditions after a 10-min exposure to a specific agonist at room temperature (23ЊC). On each experimental day, a dose-response curve was usually constructed from cells of one heart and the EC 50 (concentration of an agonist required to produce 50% of maximum effect on contraction amplitude) was estimated from each dose-response curve. Under our experimental conditions, NE in isolated rat ventricular myocytes is an exclusive ␤ 1 -AR agonist, i.e., it does not evoke effects via ␣-adrenergic stimulation or ␤ 2 -AR stimulation (4, 5) . Zinterol, under our conditions, is a selective ␤ 2 -AR agonist, since neither ␣ 1 -adrenergic receptor blockers nor ␤ 1 -AR antagonists significantly reduce the effects of zinterol on contraction in rat ventricular myocytes (5) .
Pertussis toxin treatment. To examine the function of inhibitory G proteins (G i /G o ), cells were incubated with PTX (1.5 g/ml, at 37ЊC for at least 3 h) and compared with myocytes from the same heart which had been kept at 37 0 C in the absence of PTX for an equal time. Successful inactivation of inhibitory G proteins (G i /G o ) in PTXtreated cells was routinely verified by a loss of the ability of adenosine or carbachol to reverse the positive inotropic effect of ␤-AR stimulation by NE, as previously described (12) .
Preparation of tissue fractions. Frozen cell pellets or aliquots of left ventricle (LV) (200-300 mg) from rat hearts of varying ages were homogenized in ice-cold lysis buffer (5 mM Tris-Cl, pH 7.5/5 mM EDTA/10 g per ml leupeptin/20 g per ml aprotinin/1 mM phenylmethylsufonylfluoride). The samples were centrifuged at 800 g for 15 min at 4ЊC to clear the homogenate of cellular debris and nuclei. Subsequent supernatants were filtered through cheesecloth and centrifuged at 25,000 g for 30 min at 4ЊC. The final supernatant was set aside for GRK analysis (see below) and the pelleted membranes were resuspended ‫ف(‬ 1 mg/ml) in ice-cold ␤-AR binding buffer (75 mM Tris-Cl, pH 7.5/12.5 mM MgC1 2 /2 mM EDTA). Membranes were aliquoted and stored at Ϫ80ЊC until use in biochemical assays.
Receptor binding. Membrane fractions from LV or ventricular myocytes described above were used for ␤-AR radioligand binding studies using the nonselective ␤-AR antagonist ligand [ 125 I]-Cyanopindolol ( 125 I-CYP). Maximal binding was measured using a saturating amount of 125 I-CYP on 25 g membrane protein from LV or from isolated ventricular myocytes. Binding was allowed to occur for 1 h at 37ЊC, as described previously (19, 21) . Inclusion of 10 M alprenolol defined nonspecific binding.
For competition isotherms, membranes (25 g total protein) were incubated with 300 M 125 I-CYP and increasing dilutions of ICI 118,551 (ICI), a selective ␤ 2 -AR antagonist, as described previously (19) . The percentage of ␤ 2 -ARs was calculated from the high affinity binding subpopulation determined using GraphPad Prism (19).
Adenylyl cyclase assays. Cardiac membranes were prepared by homogenizing rat left ventricles in ice-cold lysis buffer (20 mM Tris-HCl [pH 7.4], 250 mM sucrose, 1 mM EDTA, 10 g/ml aprotinin, 10 g/ml leupeptin, 0.1 mM PMSF). The samples were centrifuged at 10,000 g for 10 min at 4ЊC. The supernatant was centrifuged at 100,000 g for 2 h at 4ЊC. The pellet was resuspended in a buffer containing 20 mM Tris-HCl (pH 7.4), 1 mM EDTA up to final protein concentration of 4.5-5 mg/ml. Membranes were aliquoted and stored at Ϫ80ЊC. Aliquots of the cardiac membranes (20 g total protein) were incubated for 15 min at 37ЊC (the incubation mixture containing: 1.6 mM [␣-32 P]ATP (20-40 cpm/picomole), 0.5 mM ATP, 0.1 mM 4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone (Ro 20-1724), 20 mM creatine phosphate, 100 U/ml creatine phosphokinase, 25 mM Tris-HCI buffer, pH 7.4, and agonists as indicated). Then, 250 l of a solution containing 1.5 mM cyclic AMP and 0.05 Ci [ 3 H]cyclic AMP in 10 mM Tris-HCl buffer, pH 7.4, was added and the reaction was terminated by placing the samples in boiling water for 3 min. The reaction mixture of each sample was applied to a column of neutral alumina (0.4 ϫ 15 cm, prepared by pouring dry alumina into Pasteur pipets). Each column was washed with 3 ml 10 mM Tris-HCI buffer, pH 7.4. The effluent was collected in a scintillation vial. For the assay of column fractions, 100 M forskolin and 5 mM MnCl 2 were added. In the various assays, 5 mM MgCl 2 was used. Blanks were prepared by incubating the samples in the absence of enzyme.
GRK activity assays. Aliquots of the myocardial supernatants prepared from left ventricular tissue (described above) were used for soluble GRK assays in which the primary GRK activity measured is ␤ARK1 (19). Samples containing equal protein amounts (3-5 mg) were adjusted to a NaCl concentration of 50 mM and partially purified using DEAE sephacel chromatography as we have described previously (19) . Final concentrated eluate samples (50-60 g total protein) were incubated in a volume of 100 l of lysis buffer (see above) supplemented with 0.1 mM ATP (containing [␥-32 P]ATP), 10 mM MgC1 2 and rhodopsin-enriched rod outer segments (19, 21). After incubation in white light for 15 min at room temperature, the reactions were quenched with 300 l of ice-cold lysis buffer and centrifuged for 15 min at 13,000 g. The sedimented proteins were resuspended in 25 l of protein gel-loading dye and electrophoresed on 12% polyacrylamide/Tris-glycine gels which were then dried. Phosphorylated rhodopsin was quantitated with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
Protein immunoblotting. Either membranes (GRK5, G ␣i ) or purified supernatants (for measurements of ␤ARK1) from rat LVs were used for protein determination by Western analysis. Equal protein amounts (50-75 g) were electrophoresed under denaturing conditions on 12% polyacrylamide/Tris-glycine gels and transferred to nitrocellulose membranes, as described (19, 21) . Protein immunoblotting was done with respective primary and secondary antibodies using standard chemiluminescence protocols (ECL ® ; Amersham Corp., Arlington Heights, IL). The primary GRK antibodies used were polyclonal antisera raised to the carboxyl termini of ␤ARK1 or GRK5 (19, 21). For G ␣i , polyclonal antiserum were used (G ␣i (1-3) ) (Santa Cruz Biotechnology, Santa Cruz, CA).
Semi-quantitative RT-PCR. Total RNA from aged rat LV samples was isolated using Ultraspec ® (Biotecx Laboratories, Inc., Houston, TX), a single step guanidinium-based RNA isolation solution (29) . 1 g of total RNA was then used for first strand cDNA synthesis using stratascript reverse transcriptase (Stratagene, Inc., La Jolla, CA). Aliquots equaling 1/10 of the cDNA product were then used for quantitative PCR reactions. Three sets of primer-pairs (sense and antisense sequences) were employed to amplify either ␤ARK1, GRK5, or the reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer sets were as follows: ␤ARK1 sense: 5Ј-AG-ATGGCCGACCTGGAGGC-3Ј; ␤ARK1 antisense: 5Ј-GGAGT-CAAAGATCTCCCG-3Ј; GRK5 sense: 5Ј-GGAGCTGGAAAACA-TCGTGGCC-3Ј; GRK antisense: 5ЈGCGATCAAAATATGCTG-TCC-3Ј; GAPDH sense: 5Ј-GGAAACCCATCACCATCTTCCAG-3Ј; and GAPDH antisense: 5Ј-AAGTCACAGGAGACAACCTG-GTCC-3Ј. The source of the primer sequences used and expected product sized were: rat ␤ARK1 (334 bp) (30); bovine GRK5 (590 bp) (31) ; and rat GAPDH (617 bp). The ␤ARK1 and GRK5 primer pairs were tested for their specificity on plasmids for either ␤ARK1 or GRK5, and these studies indicated that under the PCR conditions described below, amplified products were specific for that primer pair.
Specific PCR conditions were determined for the individual primer-pairs using a variety of annealing temperatures to select the optimal temperature which resulted in the amplification of only the expected product. Individual annealing temperatures were as follows: ␤ARK1, 63ЊC; GRK5, 62ЊC; and GAPDH, 55ЊC. For quantitation, the reaction was titrated to identify an appropriate cycle number. Initially 10 l of a 100 l PCR reaction containing tracer [␣− 32 P]dCTP was removed every three cycles from 27-42 to generate a standard curve (see Fig. 6 ). The aliquots were electrophoresed on 1.5% agarose gels and products were excised and counted by liquid scintillation. Final cycle numbers were selected that represented the midregion of the linear amplification of product.
For quantitation of individual mRNAs, cDNA aliquots of different aged rat hearts were added to the specific primer-pairs containing [␣− 32 P]dCTP (0.5 Ci) and 2 mM MgCl 2 . The PCR protocol was as follows: (a) three cycles of 94ЊC ϫ 3 min, annealing temperature ϫ 3 min, 72ЊC extension ϫ 3 min; (b) selected number of cycles (␤ARK1, 36; GRK5, 36; GAPDH, 27) at 94ЊC ϫ 1 min, annealing ϫ 1 min, 72ЊC ϫ 1.5 min. After completion of the PCR reactions, the products were electrophoresed on 1.5% agarose gels and the amplified products were excised and counted by liquid scintillation. The GAPDH product was used to normalize the quantity of starting material. RNA was extracted from six hearts of each age group and all reactions were done in triplicate. [ 32 P]-incorporated amplified products were excised from gels and counted by liquid scintillation.
Drugs. CGP 20712A (CGP) was kindly supplied by CIBA-GEIGY Corp. (Basel, Switzerland); ICI 118,551 (ICI) was kindly supplied by Imperial Chemical Industry (London, United Kingdom); and zinterol was kindly supplied by Bristol-Myers (Evansville, IN).
Statistical analysis. Data are reported as meanϮSEM. The effects of age and PTX treatment on the contractile dose-response to NE or zinterol were tested via one way ANOVA, two factor ANOVA, and repeated measures ANOVA when appropriate. Radioligand binding, RT-PCR quantities and adenylyl cyclase activities among specific age groups were compared by one way ANOVA.
Results
Contractile response to ␤ 2 -AR stimulation with aging. There were no significant differences in either the contraction amplitude or maximum shortening velocity among cells of the three age groups (2, 8, and 24 mo) under basal conditions, while the resting cell length (diastolic cell length) increased with aging, as noted previously (3, 4) (Table I) . However, the responses of contraction amplitude and velocity to the ␤ 2 -AR agonist, zinterol, decreased with aging ( Fig. 1) . The dose-response curves of contraction amplitude in cells from aged rats were shifted downward and rightward ( Fig. 1 A) . The EC 50 was 8.0Ϯ0.6 ϫ 10 Ϫ7 M, 1.5Ϯ0.1 ϫ 10 Ϫ6 M and 6.0Ϯ0.4 ϫ10 Ϫ6 M for 2, 8, and 24 mo, respectively (n ϭ 8 for each age group) (P Ͻ 0.01, 2 mo versus 8 mo and 24 mo; and 24 mo versus 8 mo).
The zinterol-induced increase in contraction velocity was similarly blunted with increasing age (Fig. 1 B) . These results indicate that both the potency and sensitivity of the cardiac myo-cyte contractile response to ␤ 2 -AR stimulation decreased with aging.
To compare the effect of age on the efficacy of ␤-AR subtype stimulation, we also measured contractile responses to ␤ 1 -AR stimulation by NE in cells from the same hearts of 2-and 24-mo-old rats used for the ␤ 2 -AR studies. Both the contraction amplitude and velocity responses to ␤ 1 -AR stimulation by NE were significantly depressed with aging ( Fig. 2) . This is in agreement with our previous studies in which the ability of ␤ 1 -AR stimulation by NE to increase cardiac calcium transients and contractility progressively diminished in aged hearts (3, 4) . Figure 1 . Dose response of the contraction amplitude (A) and the maximum shortening velocity (B) to a specific ␤ 2 -adrenergic agonist, zinterol, in rat ventricular myocytes isolated from hearts of three age groups (2, 8, and 24 mo). The dose-response curves are shifted downward and rightward with aging. For both the contraction amplitude and velocity, the overall age effect is significant at P Ͻ 0.001 by analysis of two-factor ANOVA (note that two-factor ANOVA results are bar concentrations ranging from 10 Ϫ7 to 10 Ϫ4 M). Significant differences (by Bonferonni) are: 2 versus 8 mo; 2 versus 24 mo; and 8 versus 24 mo. Data are presented as percent of control value (see Table I ). Each data point of the doseresponse curves represents meanϮSEM for 8-10 cells from eight hearts. Figure 2 . Dose response of the contraction amplitude (A) and the maximum shortening velocity (B) to a ␤ 1 -AR agonist, NE, in rat ventricular myocytes isolated from young and old hearts (2 and 24 mo). For both the contraction amplitude and velocity, the age effect is significant at P Ͻ 0.0001 by analysis of two-factor ANOVA (note that two-factor ANOVA results are bar concentrations ranging from 5 ϫ 10 Ϫ9 to 10 Ϫ6 M). Data are presented as percent of control value (see Table I ). Each data point of the dose-response curves represents meanϮSEM for 8-10 cells from eight hearts.
␤-adrenergic receptor density. Total ␤-AR density and ␤ 1 and ␤ 2 subpopulation studies were carried out on membranes from both LV and isolated, single ventricular myocytes of differing ages. Results for cardiac membranes are presented in Table II . Using saturating concentrations of the nonselective ␤-AR antagonist radioligand 125 I-CYP, a significant decrease ‫ف(‬ 20%) in the B max for 8-mo-old rat hearts compared with 2-mo-old hearts (45.2Ϯ2.9 versus 55.0Ϯ4.2 fmol/mg membrane protein, respectively) was found. In 24-mo-old rat hearts, the B max was 28% less than that of 2-mo-old rat hearts (Table II) . A similar loss in ␤-AR density was observed in membranes purified from isolated ventricular myocytes (22.0Ϯ1.8 versus 15.3Ϯ1.0 fmol/mg membrane protein for 2 and 8-mo-old rat ventricular myocytes, respectively, n ϭ 6, P Ͻ 0.01). An insufficient quantity of myocytes from 24-mo-old rat hearts precluded this measurement in this age group.
To determine the proportion of ␤ 1 -and ␤ 2 -ARs, competition isotherms with the ␤ 2 -AR selective antagonist ICI 118,551 (ICI) were performed. Computer modeling indicated that a two-site model was preferred for these competition curves. The calculated ␤ 2 -AR fraction remained constant ‫ف(‬ 35%) in all age groups (Table II) indicating that the loss in total ␤-AR density is due to losses in both ␤ 1 -AR and ␤ 2 -AR subtypes, as their relative proportions remain the same.
Adenylyl cyclase activity. While baseline adenylyl cyclase activity remained intact with aging, net maximum stimulation of adenylyl cyclase activity in response to ␤-AR agonists was severely blunted in 24-mo-old rat myocardium (Table III) . The maximum absolute cyclase responses after a nonselective ␤-agonist, isoproterenol and the ␤ 1 -AR selective agonist NE plus prazosin or the ␤ 2 -AR selective agonist zinterol were reduced by ‫ف‬ 50% in 24-mo-old hearts as compared with that in 2 and/or 8-mo-old hearts (Table III) . Furthermore, the maximal post-receptor activation of adenylyl cyclase activity as measured by sodium fluoride, a G protein activator, or forskolin (an adenylyl cyclase activator) stimulation also significantly decreased with aging to a similar extent as did that after ␤-AR stimulation (Table III) .
Abundance and physiologic activity of inhibitory G proteins. Since some G i proteins work as negative regulators of ␤-AR signaling (28), we investigated whether G i function or expression is enhanced with aging. Fig. 3 A shows a representative Western blot of membrane proteins purified from 2 and 24-mo-old rat hearts or isolated cells from 2 and 8-mo-old hearts using G ␣i polyclonal antiserum (see Methods). No apparent age-associated change in G ␣i expression in rat heart membranes was observed ( Fig. 3 B) . Functional G i activity was examined in single cardiac myocytes. Incubation of cells with PTX had no significant effects on the contraction under basal conditions (Table I) . The positive inotropic effect of ␤ 1 -AR stimulation was not significantly changed by PTX treatment in cells from 2 and 24-mo-old hearts ( Fig. 4 A) . In contrast, PTX pretreatment markedly enhanced the positive inotropic effect of ␤ 2 -AR stimulation by zinterol, but equally in cells from both young and old groups (2 and 24 mo) ( Fig. 4 B) . Thus, the ageassociated reduction in contractile response to ␤ 2 -AR stimulation was not reversed by PTX pretreatment (Fig. 4 B) although the contractile response to zinterol in the PTX-treated 24-moold heart cells equaled non-PTX responses of 2-mo-old cells. Therefore, both our physiological and biochemical data indicate that the decreased positive inotropic effects of ␤ 1 -AR or ␤ 2 -AR stimulation with aging are not caused by an age-associated upregulation of PTX-sensitive G protein abundance or activity. Activity and expression of GRKs. In principle, an increase in GRK-mediated ␤-AR desensitization could also account for the age-associated decline in the ␤-AR-induced contractile response. To test this hypothesis, the expression and activity of the myocardial GRKs, ␤ARK1 and GRK5, were examined. First, the enzymatic activity of soluble ␤ARK1 on the G protein-coupled receptor substrate rhodopsin (see Methods) was measured in cytosolic extracts purified from rat hearts of 2, 8, and 24 mo of age. Previous studies by our laboratory on myocardial extracts have shown that ␤ARK1 is the predominant GRK in soluble fractions while GRK5 is present exclusively in the membrane fraction (19, 21) . As shown in Fig. 5 , there were no apparent age-associated changes in soluble GRK activity, suggesting no enhanced activation or upregulation of ␤ARK1. Additionally, protein immunoblotting of myocardial cytosolic fractions revealed that the levels of ␤ARK1 do not change with age (data not shown). Likewise, protein immunoblots of purified membrane fractions revealed no changes in the expression of GRK5 (data not shown).
Steady state mRNA levels of ␤ARK1 and GRK5 were also determined by semi-quantitative RT-PCR using the reference gene GAPDH as a control. Total RNA was isolated from the LV of rat hearts 2, 8, and 24 mo of age and specific products were amplified from reverse transcribed cDNA (see Methods). As shown in Fig. 6 , no age-associated changes in the mRNA expression of ␤ARK1 or GRK5 was observed. Similar results were seen in RT-PCR experiments done with RNA isolated from single ventricular myocytes (data not shown).
Discussion
A reduction in the efficacy of cardiac ␤-AR stimulation with aging could, mechanistically, result from any of the following aspects in ␤-AR signal transduction: (a) defects in the excitation-contraction coupling machinery, the major effector system of ␤-AR modulation in the heart; (b) alterations in the ␤-AR-G protein-adenylyl cyclase-PKA signaling cascade per se; (c) a selective downregulation of ␤ 1 -AR system, as manifested in human and canine heart failure; (d) an upregulation of GRK-mediated ␤-AR desensitization; and (e) an upregulation of the inhibitory G proteins, which might be particularly important for ␤ 2 -AR signaling since it has been shown to specifically couple to G i proteins as well as to G s (12, 14) . While previous studies of this laboratory and others have demonstrated multiple alterations in the ␤-AR signaling cascade with aging (1-4, 23-26) and ruled out an age-associated change in cardiac excitation-contraction coupling (3, 4) , little is known regarding other potential age-associated alterations, e.g., changes in cardiac contractile response to ␤-AR subtype stimulation, expression or activity of GRKs and G i proteins. The overall goal of this study was to examine the possible mechanisms of the age-associated diminution of cardiac response to ␤ 2 -AR versus ␤ 1 -AR stimulation and possible involvement of GRKs and G i proteins.
Contribution of ␤ 1 -and ␤ 2 -AR to the overall age-associated (Table I) . Each data point represents meanϮSEM for 8-10 cells from eight hearts.
diminution in cardiac contractile response. First, in this study, we examined age-associated changes in cardiac contractile response to ␤ 2 -AR as well as to ␤ 1 -AR stimulation in the rat heart. Previous studies on age-associated changes in cardiac contractile response did not characterize the contributions of different ␤-AR subtypes. While a recent study in excised human myocardium has shown an age-associated reduction in the response of adenylyl cyclase to both ␤ 1 -and ␤ 2 -AR stimulation (26) , the contractile response to ␤ 2 -AR stimulation in human myocardium of different aged donors has to date not been examined. Since our recent studies have demonstrated that the ␤ 1 -AR and ␤ 2 -AR couple differently to cellular responses, at least in rat and canine ventricular cells (11, 13) , measurements of adenylyl cyclase in response to ␤ 2 -AR stimulation may be insufficient to characterize the functional effect of the ␤ 2 -AR signaling pathway. Thus, a direct assessment of the contractile response to ␤ 2 -AR stimulation is essential to determine its functional consequence. Novel findings of this study are that ␤ 2 -ARs, like ␤ 1 -ARs, functionally exist in young and old rat ventricular myocytes and that the contractile responses to ␤ 2 -AR stimulation, like that after ␤ 1 -AR stimulation, are markedly decreased with aging ( Figs. 1 and 2 ). This suggests that the decreased cardiac response to ␤-AR stimulation by mixed ␤-AR agonists, e.g., isoproterenol, as reported in previous studies both in human and animal hearts (23-26; for review see reference 1), reflects deficits in both ␤-AR subtype systems. Further, since the ␤ 2 -AR stimulated increase in L-type Ca 2ϩ currents remains the same in young and old rat ventricular myocytes (32) , the diminished ␤ 2 -AR contractile response suggests that the sarcoplasmic reticulum amplification function is reduced in the aged heart, as is the case in hypertrophied or failing hearts (33) .
A nonselective age-associated reduction in ␤-AR density. Whether aging causes a selective downregulation of myocardial ␤-AR subtypes (␤ 1 versus ␤ 2 ) has been controversial (26, 32, 34) . Cerbai et al. (32) have shown recently that in rat ventricular myocytes the density of ␤ 1 -AR, but not of ␤ 2 -AR, decreases with aging, whereas Tumer et al. (34) have shown that both ␤ 1 -AR and ␤ 2 -AR are nonselectively decreased in aged rat hearts. The inconsistency might be due to the different experimental conditions, i.e., the former study was performed in isolated myocytes and the latter used heart tissues. Therefore, in this study, possible age effects on the densities of ␤-AR subtypes were determined in both isolated ventricular myocytes and myocardial tissues. Our results show that age nonselectively modulates the densities of ␤-AR subpopulations in rat myocardium or ventricular myocytes, as there was a significant ‫ف(‬ 30%) age-associated decline in both ␤ 1 -and ␤ 2 -ARs (Table II). However, the functional significance of a 30% decrease in ␤-AR number could be questionable, as rat hearts, unlike the human heart, are thought to have spare ␤-ARs (35) . In this study, the nonselective decrease in ␤-AR density demonstrated contrasts to what has been found recently in older explanted human hearts where only ␤ 1 -ARs showed a similar decrease in density (26) . This might be caused by species difference or the presence of underlying disease in the explanted human hearts. The nonselective downregulation of both ␤-AR subtypes with aging is in sharp contrast to failing hearts, in which ␤ 1 -AR is selectively downregulated with little or no change in ␤ 2 -AR density (9, 27, 36, 37) . This suggests that aging is different from heart failure in many important aspects, even though both are associated with diminished cardiac ␤-AR responsiveness and elevated plasma catecholamine levels.
Changes in cardiac adenylyl cyclase activity with aging. Our results indicate that the cardiac adenylyl cyclase responses to stimulation of both ␤-AR subtypes as well as to NaF (a G protein activator) or forskolin (an adenylyl cyclase activator) are markedly decreased with aging (Table III) . This is in agreement with previous reports that a loss of catalytic unit number and/or the capacity to activate the catalytic units appears to be responsible for the age-associated decrease in the maximal ␤-AR-stimulated adenylyl cyclase activation (25, 38, 39) . Because the contractile effect of ␤ 1 -AR stimulation in isolated rat heart cells under these conditions is tightly controlled by the cAMP-dependent signaling pathway (11, 14) , any ageassociated change in signaling linked to a reduction in cAMP production would be expected to result in an age-associated decrease in cardiac ␤ 1 -AR responsiveness. Therefore, in addition to a decrease in ␤ 1 -AR number, changes in adenylyl cyclase activity may also contribute to the depressed ␤ 1 -AR response in aged rat hearts.
While the ␤ 2 -AR-stimulated positive inotropic effect initially appeared to be dissociated from cAMP production and cAMP-dependent protein phosphorylation in rat cardiac myocytes (11, 13) , our more recent studies have demonstrated that the ␤ 2 -AR stimulated increases in L-type calcium current, intracellular Ca 2ϩ transient, and contractility are abolished by inhibition of PKA via inhibitory cAMP analogues, Rp-cAMP or Rp-CPT-cAMP (14) , suggesting that a localized (compartmentalized) increase in adenylyl cyclase activity-cAMP within subcellular domains mediates the positive inotropic effect of ␤ 2 -AR stimulation in cardiac myocytes (14) . Thus, like the case of ␤ 1 -AR stimulation, the age-associated reduction in cardiac membrane adenylyl cyclase activity, as well as the downregulation of ␤ 2 -AR density, may contribute to the defect of cardiac ␤ 2 -AR stimulation with aging.
No functional or biochemical changes of G i proteins was revealed with aging. While some studies have shown that protein levels of G i and PTX-mediated G i ribosylation increase with aging in rat hearts (40) , others have shown that G i apparently is not altered with aging (26, 41). Our results not only confirm that there is no age-associated difference in the levels of G ␣i in the membranes of either rat ventricular myocytes or heart tissue ( Fig. 3 ), but also extend the investigation to physiological responses, particularly, to the cell contractile response. PTX treatment cannot eliminate the age-associated reduction in the ␤-AR responsiveness while it markedly and specifically enhances the positive inotropic effect of ␤ 2 -AR at all ages (Fig. 4) . Additionally, PTX has no effect on the response to ␤ 1 -AR stimulation in either young or old age group (Fig. 4) . Thus, both the biochemical and physiological data indicate that the age effect on ␤-AR signaling does not result from an alteration in PTX-sensitive G protein (G i /G o ) abundance or functional activity. Again, these results differ markedly from the observation in failing hearts, in which the amount and activity of G i proteins are significantly elevated (42, 43) , further suggesting that distinctly different mechanisms may be involved in heart failure versus normal aging.
No enhanced ␤ARK1 and GRK5 abundance or functional activity in aged hearts. Several characteristics are shared by both the aged and failing heart in human and animal models. Deficits in contractile ␤-AR responsiveness and adenylyl cyclase activity occur in both cases. Other similarities reported between the failing and aged heart include morphological, mechanical contractile, biochemical, and molecular changes (for Figure 6 . Semi-quantitative RT-PCR analysis of GRK mRNA. Histograms showing mRNA levels of ␤ARK1 (A); GRK5 (B); and GAPDH (C) in rat hearts (LV) of the indicated ages. RT-PCR on total RNA was performed as described in Methods. Levels of ␤ARK1 (A) and GRK5 (B) mRNA from individual samples were normalized to the specific counts of the control GAPDH mRNA (C). Levels of the 2-mo products were arbitrarily assigned the value of 10 and remaining products were normalized to this value (see Methods). Below each set of histograms is the linearity curve demonstrating that conditions for each specific primer pair were determined systematically (see Methods) by plotting product amplification by cycle number and choosing a final cycle number in the above reactions that were in the linear range. The linearity curves were generated with RNA isolated from 2-mo-old rat hearts. review see reference 44). In addition, in both chronic heart failure and aging in health, circulatory catecholamines are increased (22, 23, 26) , and this can have profound effects on the myocardial ␤-AR system. Because of these striking similarities, we investigated specifically, in aged rat hearts, desensitization and inhibition mechanisms of ␤-ARs, which have been the focus of several studies in the failing heart (27, 36, 42, 43) . In addition to ␤ARK1, we also measured the abundance and activity of GRK5, a second GRK that is found predominantly in the heart (21) . Enzymatic GRK activity of soluble myocardial extracts revealed no difference among three age groups (Fig.  5 ), suggesting that ␤ARK1 activation is not altered. Protein and mRNA studies also revealed no molecular alterations of ␤ARK1 or GRK5 due to aging, suggesting that enhanced GRK-mediated ␤-AR desensitization is not involved in the diminished contractile response seen in aged ventricular myocytes. Our findings eliminate the possibility that GRKs or G i proteins play a role in the diminished ␤-AR functional response in the aged rat heart. This is in contrast to the findings in human heart failure that increased sympathetic drive results in selective ␤ 1 -AR downregulation (9, 27, 36, 37) , increases in functional activity and levels of G i (36, 42, 43) and ␤ARK1 (27) . Although the data described above indicate that GRKs are not altered by aging, the increase in the ratio of GRKs to ␤-ARs, because of the nonselective decrease in ␤-AR density in aged hearts, might result in a relatively enhanced age-related ␤-AR desensitization. In this regard, the previous studies of Scarpace and Abrass (45) and Scarpace (46) have demonstrated that ␤-AR desensitization contributes, at least in part, to the age-dependent changes in ␤-AR signaling, since ␤-ARs in aged animals may be already partially desensitized under basal conditions. To address whether GRK-or PKA-mediated ␤-AR desensitization is an important determinant in the age effects, further studies are required. For example, it will be informative to determine whether ␤-ARs are more accessible for GRKs or PKA in aged hearts than in young ones, and whether inhibitors of these kinases can reverse the age-associated changes.
In summary, our results indicate a marked age-associated reduction in both ␤ 1 -AR-and ␤ 2 -AR-mediated positive inotropy in isolated rat cardiomyocytes. This loss of ␤-AR responsiveness is associated with a small but significant nonselective downregulation of both ␤ 1 -and ␤ 2 -ARs and a decrease in the agonist-stimulated adenylyl cyclase activity. In addition, for the first time, our results indicate that desensitization and inhibition mechanisms of the ␤-AR system, i.e., an increased abundance or activity of GRKs or G i proteins, do not occur with aging. Therefore, while the current thought is that aging and heart failure have many features in common, this study showed that they are different in very important ways: the diminished ␤-AR responsiveness in failing hearts is associated with (a) a selective downregulation of ␤ 1 -ARs; (b) an increase in ␤ARK1; and (c) an upregulation of G i proteins. Thus, our findings not only provide insights for understanding normal senescence processes, but also have important implications for studying the pathogenesis of heart failure.
